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■ Abstract Eleven distinct isoforms of phosphoinositide-specific phospholipase C
(PLC), which are grouped into four subfamilies (β, γ , δ, andε), have been iden-
tified in mammals. These isozymes catalyze the hydrolysis of phosphatidylinositol
4,5-bisphosphate [PtdIns(4,5)P2] to inositol 1,4,5-trisphosphate and diacylglycerol in
response to the activation of more than 100 different cell surface receptors. All PLC
isoforms contain X and Y domains, which form the catalytic core, as well as various
combinations of regulatory domains that are common to many other signaling pro-
teins. These regulatory domains serve to target PLC isozymes to the vicinity of their
substrate or activators through protein-protein or protein-lipid interactions. These do-
mains (with their binding partners in parentheses or brackets) include the pleckstrin ho-
mology (PH) domain [PtdIns(3)P,βγ subunits of G proteins] and the COOH-terminal
region including the C2 domain (GTP-boundα subunit of Gq) of PLC-β; the PH do-
main [PtdIns(3,4,5)P3] and Src homology 2 domain [tyrosine-phosphorylated proteins,
PtdIns(3,4,5)P3] of PLC-γ ; the PH domain [PtdIns(4,5)P2] and C2 domain (Ca2+) of
PLC-δ; and the Ras binding domain (GTP-bound Ras) of PLC-ε. The presence of dis-
tinct regulatory domains in PLC isoforms renders them susceptible to different modes
of activation. Given that the partners that interact with these regulatory domains of
PLC isozymes are generated or eliminated in specific regions of the cell in response
to changes in receptor status, the activation and deactivation of each PLC isoform are
likely highly regulated processes.
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INTRODUCTION

The cellular responses elicited by the interaction of many extracellular signal-
ing molecules with their cell surface receptors are triggered by the rapid hydrol-
ysis of a minor membrane phospholipid, phosphatidylinositol 4,5-bisphosphate
[PtdIns(4,5)P2]. This reaction is catalyzed by phosphoinositide-specific phospho-
lipase C (PLC) isozymes and results in the generation of two intracellular messen-
gers, diacylglycerol (DAG) and inositol 1,4,5-trisphosphate [Ins(1,4,5)P3]. These
messengers then promote the activation of protein kinase C and the release of
Ca2+ from intracellular stores, respectively. Ins(1,4,5)P3 is further converted by
the actions of several distinct kinases and phosphatases to a variety of inositol
phosphates, some of which are also implicated in intracellular signaling.

PtdIns(4,5)P2 is a precursor not only of Ins(1,4,5)P3 and DAG but also of
PtdIns(3,4,5)P3, which is produced by the action of PtdIns 3-kinase (1). PtdIns-
(3,4,5)P3 accumulates in the plasma membrane of cells that have been activated
by the interaction of ligands with protein tyrosine kinase (PTK)– or G protein–
coupled receptors, and it modulates the activities of various effector molecules
such as the small GTP-binding protein Rac and the serine-threonine kinase known
as protein kinase B or Akt (1). This phospholipid also appears to function in the
Ca2+ signaling pathway triggered by activation of PLC-γ isozymes (see below).
PtdIns(4,5)P2 also directly modulates the activities of many enzymes, including
protein kinase C, phospholipase D (PLD), and phospholipase A2 (PLA2) (2, 3),
as well as regulates actin polymerization-depolymerization through interaction
with actin regulatory proteins (4). Finally, PtdIns(4,5)P2 binds to pleckstrin ho-
mology (PH) domains and thus serves as a membrane docking site for a host of
PH domain–containing proteins (5).

Consistent with the important roles of PtdIns(4,5)P2 and its derivatives in in-
tracellular signaling, the conversion of this lipid to Ins(1,4,5)P3 and DAG and to
PtdIns(3,4,5)P3 as well as its synthesis from and degradation to phosphatidyli-
nositol monophosphate is subject to strict regulation (6). The PLC isozymes
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responsible for the generation of Ins(1,4,5)P3 and DAG have been classified on
the basis of amino acid sequence into four major types. These groups also dif-
fer in the mechanisms by which the isozymes are activated in response to ligand
interaction with various receptors. In this review, I focus on recent progress in
characterization of the mechanisms that underlie receptor-dependent hydrolysis of
PtdIns(4,5)P2.

STRUCTURAL ORGANIZATION OF PLC ISOZYMES

The PLC family comprises a diverse group of enzymes that differ in structure
and tissue distribution. Until recently, 10 mammalian PLC isozymes had been
identified and divided into three types: four PLC-β, two PLC-γ , and four PLC-δ
proteins (7, 8). An isoform originally termed PLC-α was subsequently shown to
be a proteolytic fragment of PLC-δ1 (7). However, the coding sequence for a
new type of PLC, termed PLC-ε, was recently identified (9, 10), bringing the total
number of mammalian isozymes to 11 (excluding the products of alternative RNA
splicing). PLC-ε is a homolog of PLC 210, which was initially identified from a
Caenorhabditis eleganscDNA library and contains several domains not apparent
in any other known PLC isoforms (11).

Whereas the molecular size of the PLC-δ isozymes is only∼85 kilodaltons
(kDa), those of theβ- andγ -type enzymes are in the range of 120–155 kDa, and
that of PLC-ε is 230–260 kDa. Lower eukaryotes such as yeast and slime molds
contain onlyδ-type isozymes, which suggests that theβ-, γ -, andε-type isoforms
present in higher eukaryotes evolved from the archetypal PLC-δ. The amino acid
sequences of PLC isozymes are relatively nonconserved with the exception of
two regions, known as the X and Y domains, that form the catalytic core (7, 8)
(Figure 1). The amino acid sequence similarity in the X and Y domains is∼60%
among all 11 mammalian isozymes, and it is substantially greater among members
of the same PLC type. The sequence between the X and Y domains comprises
40 to 110 residues in theβ- andδ-type isozymes and 190 residues in PLC-ε. In
γ -type isozymes, this region is much larger (∼400 residues) and contains two Src
homology 2 (SH2) domains and one SH3 domain, which bind phosphotyrosine-
containing sequences and proline-rich sequences, respectively.

Theβ-, γ -, andδ-type isozymes all contain an NH2-terminal PH domain, an
∼100-residue module that is present in many signaling proteins and that binds
to polyphosphoinositides [PtdIns(3)P, PtdIns(4,5)P2, PtdIns(3,4)P2, and PtdIns-
(3,4,5)P3] and Ins(1,4,5)P3 (1, 5). Determination of the three-dimensional struc-
ture of a PLC-δ1 mutant lacking the PH domain (12) also revealed the presence
of two additional modules: an EF-hand domain located between the PH and X
domains, and a C2 domain, which is sometimes represented as part of an extended
Y domain. Both of these domains are also present inβ- andγ -type isozymes,
but only the C2 domain is present in PLC-ε. PLC-γ isozymes contain an addi-
tional PH domain that is split by the SH domains. Furthermore,β-type isozymes
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Figure 1 Domain organization of the four types of PLC isozymes. The X and Y catalytic
domains as well as the PH, EF-hand, C2, SH2, SH3, RasGEF, and RA domains are indicated.

(with the exception of a splice variant of PLC-β4) contain a long COOH-terminal
sequence (∼450 residues) downstream of the Y domain, whereas this region is al-
most nonexistent or short inγ - andδ-type isozymes. PLC-ε differs from the other
three types of isozymes in that it does not contain a PH domain but possesses an
NH2-terminal Ras guanine nucleotide exchange factor (RasGEF)–like domain and
at least one and perhaps two COOH-terminal Ras binding (RA) domains (9, 10).
The RasGEF-like and RA domains are also present in PLC-210 ofC. elegans
(11).

Several mammalian PLC isoforms exist in splice variants. The primary tran-
scripts of the PLC-β1 and PLC-β4 genes are alternatively spliced in the region
corresponding to the COOH-terminal portion of the proteins downstream of the
C2 domain (13, 14). Three splice variants (ALT I, II, and III) of PLC-δ4 have
been identified (15, 16). Whereas ALT I and ALT II each contain additional amino
acids between their X and Y domains, the difference in ALT III occurs within the
X domain and the protein is consequently catalytically inactive. The PH domain
of ALT III binds PtdIns(4,5)P2 with high affinity, and this protein has been shown
to modulate PLC-δ activity by competing for PtdIns(4,5)P2 with the PH domains
of other PLC-δ isozymes (see below).

Another type of catalytically inactive PLC-like protein, p130, was identified
as an Ins(1,4,5)P3-binding protein (17). This protein, also known as PLC-L, con-
tains all of the domains present in theδ-type isozymes but is catalytically inactive
because it lacks several critical conserved amino acids in the X domain. Because
the PH domain of p130 binds Ins(1,4,5)P3 with high affinity but does not in-
teract with PtdIns(4,5)P2, this protein does not affect PtdIns(4,5)P2 hydrolysis
catalyzed by other PLC isozymes but rather inhibits agonist-induced mobilization
of intracellular Ca2+ by competing for Ins(1,4,5)P3 with the Ins(1,4,5)P3 receptor
(17).
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STRUCTURE AND REACTION MECHANISM OF PLC

The three-dimensional structures both of a PLC-δ1 mutant lacking the PH domain
(12) and of the PH domain of this isozyme (18) have been determined. Together,
these structures revealed a four-module organization of the enzyme consisting
of the PH domain, the EF-hand domain, the catalytic domain (comprising tightly
associated X and Y domains), and the C2 domain (19). The PH domain of PLC-δ1
binds to Ins(1,4,5)P3 and to PtdIns(4,5)P2 (20, 21). The binding of PLC-δ1 to
its lipid substrate and, consequently, its catalytic activity are dependent on the
concentration of PtdIns(4,5)P2, and the catalytic activity of this isozyme is inhibited
by Ins(1,4,5)P3.

The crystal structure of the PH domain of rat PLC-δ1 complexed with Ins(1,4,5)-
P3revealed that the 4- and 5-phosphoryl groups of Ins(1,4,5)P3 interact with the side
chains of Lys32 and Lys57 and with those of Lys30, Arg40, and Lys57, respectively,
thus explaining the mechanism by which these phosphoryl groups contribute to
high-affinity binding (18). As would be expected on the basis of this structural
determination, replacement of any of these basic amino acids in PLC-δ1 reduced
both the extent of the interaction of the enzyme with PtdIns(4,5)P2-containing lipid
vesicles and its catalytic activity. The PH domain of PLC-δ1 was thus proposed
to tether the enzyme to the cell membrane by specific binding to PtdIns(4,5)P2,
thereby allowing it to catalyze the hydrolysis of many substrate molecules without
dissociating from the lipid surface, a process referred to as processive catalysis (12).
Because the PH domain of PLC-δ1 also binds Ins(1,4,5)P3, this latter molecule
may function as a feedback regulator of catalysis.

Although PLC-β and PLC-γ isozymes also possess a PH domain at their NH2-
termini, the basic amino acids (Lys30, Lys32, Arg40, and Lys57) located inside
the inositol phosphate binding pocket of PLC-δ1 are not well conserved in these
proteins. Consistent with this sequence difference, the NH2-terminal PH domains
of PLC-γ isozymes bind to PtdIns(3,4,5)P3 but not to PtdIns(4,5)P2 (22), which
suggests the possibility of recruitment of these isozymes by PtdIns(3,4,5)P3 (see
below). The PH domains of PLC-β isozymes associate with phospholipid bi-
layers; however, the binding affinity is not affected by the presence or absence
of PtdIns(4,5)P2, which suggests that this lipid does not recruit PLC-β isozymes
to the cell membrane (23). The PH domain of PLC-β1 has recently been shown
to specifically bind PtdIns(3)P, and this interaction appears to be responsible for
the membrane recruitment of this isozyme in cells in which PtdIns 3-kinase is
activated (22). It therefore appears that the PH domains of the different types of
PLC isozymes interact with distinct types of inositol-containing lipid: PtdIns(3)P
for PLC-β, PtdIns(4,5)P2 for PLC-δ, and PtdIns(3,4,5)P3 for PLC-γ . Further-
more, the PH domains of PLC-β1 and PLC-β2 appear to be the sites of interaction
of these enzymes with theβγ subunits of G proteins (24). It has been suggested
that PLC-β is recruited to the membrane surface by the cooperative action of
PtdIns(3)P and Gβγ subunits, which bind to separate sites within the PH domain
(see below).
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All four types of PLC require Ca2+ for catalytic function; theδ-type isozymes
are most sensitive to this cation. Structural and mutational studies have identified
residues within the catalytic domain that likely contribute to substrate recognition,
Ca2+ binding, and catalysis (25) (Figure 2). Measurement of the activities of mu-
tant rat PLC-δ1 enzymes with PtdIns, PtdIns(4)P, and PtdIns(4,5)P2 showed that
Lys438, Ser522, and Arg549 are important for preferential hydrolysis of polyphos-
phoinositides, whereas replacement of Lys440 selectively affected hydrolysis of
only PtdIns(4,5)P2; these observations implicate Lys438, Ser522, and Arg549 in
interactions with the 4-phosphate and Lys440 in interactions with the 5-phosphate
(25). These four amino acid residues are conserved in PLC-β and PLC-γ isozymes.
The crystal structures of complexes of PLC-δ1 with Ca2+ and Ins(1,4,5)P3 reveal
complex interactions of Ca2+ with several negatively charged residues (Glu3441,
Asp343, and Glu390) and Asn312 in the active site as well as with the 2-hydroxyl

Figure 2 Schematic representation of the catalytic domain of rat PLC-δ1. Side chains of amino
acid residues that contact either Ca2+ or hydroxyl or phosphate moieties of Ins(1,4,5)P3 are
indicated. (Adapted from Reference 12.)
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group of Ins(1,4,5)P3 (12, 26). The importance of all four of these amino acid
residues in coordination of Ca2+ was demonstrated by analysis of the PLC activity
of the respective point mutants at various concentrations of Ca2+ (25).

Hydrolysis of phosphoinositides by mammalian PLC enzymes produces cyclic
inositol phosphates as minor products. These enzymes catalyze the conversion of
PtdIns to inositol phosphate with overall retention of the stereochemical config-
uration at the phosphorus atom (27). Thus, a sequential reaction mechanism has
been proposed that involves general acid-base catalysis with formation of cyclic
inositol phosphate in a phosphotransfer step, followed by conversion of the cyclic
molecule to an acyclic inositol phosphate in a phosphohydrolysis step (28). Struc-
tural and mutational studies indicate that His311 and His356 of rat PLC-δ1 act
as general acid-base catalysts (29, 30). In addition, Glu341 and Glu390, both of
which interact with Ca2+, also form hydrogen bonds with the 2-hydroxyl group
of inositol to facilitate the phosphotransfer step (25). Tyr551 has also been impli-
cated in hydrophobic interaction with the inositol ring (12). Each of the three
loops that form the rim of the entrance to the active site contains a hydrophobic
residue (Leu320, Phe360, and Trp555) at the rim (12). Mutational analysis in-
dicates that this hydrophobic ridge provides a membrane interaction site that is
necessary for penetration of the catalytic domain into a phospholipid membrane
(25).

The C2 domains of PLC isozymes comprise∼120 residues, and such domains
are present in many proteins that interact with lipid membranes. Many, but not all,
C2 domains bind Ca2+ and mediate Ca2+-dependent interaction of proteins with
phospholipids. The C2 domain of PLC-δ1 has been estimated to contain three
to four Ca2+ binding sites (31). Deletion analysis of PLC-δ1 indicates that the
C2 domain is important for activity, consistent with the previous suggestion that
calcium ions bound to the C2 domain of PLC function as bridging elements in
the interaction of the enzyme with acidic phospholipids (12). Calcium ions bound
to the C2 domain of PLC-δ1 were recently shown to enhance enzyme activity by
promoting the formation of an enzyme-phosphatidylserine-Ca2+ ternary com-
plex, thereby increasing the affinity of the enzyme for substrate vesicles (33). In
contrast, the C2 domains of PLC-β isozymes exhibit no apparent affinity for
membrane bilayers in the presence of Ca2+, but they do interact with activated
α subunits of Gq proteins (34) (see below).

The role of the EF-hand domains of PLC isozymes is not clear. Such domains
are also Ca2+ binding motifs that usually each bind one calcium ion, although
naturally occurring variants that do not bind Ca2+ have been identified. Indeed,
crystallographic data suggest that the EF-hand domain of PLC-δ1 does not bind
Ca2+ but rather serves as a flexible link between the PH domain and the rest of the
enzyme, thus allowing the C2 and catalytic domains to interact with the membrane
after binding of the PH domain to PtdIns(4,5)P2 (25, 26). However, more recent
evidence indicates that the EF-hand domain of PLC-δ1 does bind Ca2+ and that
the bound Ca2+ is necessary for the efficient interaction of the PH domain with
PtdIns(4,5)P2 (35).
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ACTIVATION OF PLC-β ISOZYMES BY
HETEROTRIMERIC G PROTEINS

Activation of PLC-β by Gqα Subunits

Heterotrimeric G proteins consist ofα, β, andγ subunits that are stably associ-
ated in the inactive, GDP-bound state. Physical interaction between a G protein
and an agonist-occupied receptor triggers the exchange of GDP for GTP on the
α subunit and the subsequent dissociation of this subunit from the tightly asso-
ciatedβγ dimer. Both the Gα-GTP and Gβγ entities participate in intracellular
signaling (Figure 3). The intrinsic GTPase activity of the Gα subunit mediates

Figure 3 GPCR-mediated activation of PLC-β isozymes. An agonist-occupied GPCR
induces the exchange of GDP for GTP on the G proteinα subunit and the subsequent
dissociation of this subunit from the membrane-associated Gβγ dimer. In contrast to the
depiction in the middle portion of the figure, the dissociated Gα subunits remain localized
at the membrane as a result of their covalent lipid modification. The GTP-boundα subunits
of the Gq subfamily mediate the targeting of PLC-β to the membrane and activate it as a
result of interaction with the C2 domain and downstream COOH-terminal region of the
enzyme (right). The membrane localization of PLC-β isozymes might be further promoted
by interaction of the PH domain with PtdIns(3)P (PI3P) generated in response to ligation
of the GPCR. Hydrolysis of GTP to GDP at the active site of Gα subunits by their intrinsic
GTPase activity results in the reassociation ofα with theβγ subunits and reformation of the
inactive heterotrimer. RGS proteins and the COOH-terminal region of PLC-β stimulate the
GTPase activity of Gqα, leading to inhibition of the GPCR signal. The membrane-anchored
Gβγ dimer also recruits PLC-β by interacting with the PH and Y domains (interaction with
the Y domain is not shown) (left); this recruitment is also aided by the presence of PtdIns(3)P
in the membrane. The EF-hand domain of PLC-β is not shown.
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the rate-limiting hydrolysis of GTP to GDP and results in the reassociation of this
subunit with the Gβγ complex and consequent inactivation of signaling. On the
basis of their amino acid sequences and effector interactions, G proteinα subunits
have been divided into four subfamilies: Gsα, Giα, Gqα, and G12α. Theα subunits
(αq, α11, α14, andα16) of all four members of the Gq subfamily activate PLC-β
isozymes but not PLC-γ , PLC-δ, or PLC-ε (9, 36, 37). The four mammalian
PLC-β isozymes differ in their tissue distribution as well as in their ability to be
activated by G proteins. Expression of PLC-β2 is restricted to hematopoietic cells
and that of PLC-β4 is limited to the retina and certain neuronal cells, whereas PLC-
β1 and PLC-β3 are expressed more widely. G protein–coupled receptors (GPCRs)
that activate the Gqα–PLC-β signaling pathway include those for thromboxane A2,
bradykinin, bombesin, angiotensin II, histamine, vasopressin, acetylcholine (mus-
carinic m1 and m3),α1-adrenergic agonists, thyroid-stimulating hormone, C-C
and C-X-C chemokines, and endothelin-1.

Gαq and Gα11subunits activated by the nonhydrolyzable GTP analog guanosine
5′-O-(3′-thiotriphosphate) (GTP-γ -S) stimulate PLC-β isoforms according to the
rank order PLC-β1 ≥ PLC-β3 > PLC-β2 (38, 39), which is consistent with the
observation that the affinities of GTP-γ -S-activated Gαq for PLC-β1 and PLC-β3
are similar [dissociation constants (Kd) of 40–60 nM] to each other and substan-
tially higher than that for PLC-β2 (Kd of 400 nM) (40). PLC-β4 is also activated
by Gqα subunits; however, because the basal activity of this enzyme is inhibited by
ribonucleotides, including GTP-γ -S, accurate determination of the extent of acti-
vation is difficult (41). All four members of the Gqα subfamily activate PLC-β1
(42). Furthermore, Gα16, which is expressed only in hematopoietic cells and is
distantly related to the more widely expressed Gαq (amino acid sequence identity
of 55%), activates PLC-β1, -β2, and -β3 in a manner essentially indistinguish-
able from that of Gαq (43). However, certain receptors discriminate among the
α subunits of the Gq subfamily. The receptor for macrophage chemotactic pro-
tein-1, for example, couples to Gα14 and Gα16 but not to Gαq or Gα11 (44).

The activated Gαq subunit appears to interact with the COOH-terminal region
of PLC-β1 downstream of the Y domain; this region contains the C2 domain
(residues 663–802) followed by a sequence (residues 803–1216) that is unique to
this subfamily of PLC isozymes. The results of deletion analysis suggested that the
region downstream of residue 845 is required for binding of and stimulation by Gαq
(45, 46). Secondary structure predictions indicate that this region (residues 846–
1216) is composed predominantly ofα helices, and it contains a high proportion
of basic residues that appear in clusters (47). Basic residues in two such clusters
(residues 911–928 and 1055–1075) are important for stimulation by Gαq (47). The
activated Gαq subunit also interacts with the C2 domains of PLC-β isoforms (34).
Unlike the C2 domain of PLC-δ1, which binds Ca2+ and serves as a membrane
attachment module (33), the C2 domains of PLC-β1 and PLC-β2 do not bind to
membranes. However, they each bind GTP-γ -S-activated Gαq with high affinity
(Kd, 18 nM); they bind the inactive, GDP-bound Gαq with a much lower affinity
(Kdvalues of 120 and 60 nM for PLC-β1 and -β2, respectively) and do not associate
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with the GTP-γ -S-activated Gαi (34). In contrast, the C2 domain of PLC-δ1 does
not exhibit any measurable affinity for GTP-γ -S-activated Gαq.

Although G protein subunits are not intrinsically hydrophobic, they are bound
to the cell membrane as a result, at least in part, of covalent lipid modifica-
tion. Gγ subunits are prenylated at their COOH termini, a modification that
promotes both the association of theβγ dimer with membranes as well as the
interaction ofβγ with Gα subunits and effectors. Activated, GTP-bound Gqα

subunits remain attached to the cell membrane even after separation from theβγ

complex; this association is attributable to the fact that their NH2-terminal re-
gions are hydrophobic and contain two cysteine residues that are palmitoylated
(48). The membrane-embedded Gqα subunits are likely recognized by PLC-β

isozymes that are loosely associated with the cell membrane as a result of the
interaction of their COOH-terminal basic residues with acidic phospholipids (47)
(Figure 3).

The membrane localization of PLC-β isozymes is likely further promoted by the
presence of PtdIns(3)P, which binds to the PH domain of PLC-β1 (Figure 3). The
evidence for a specific interaction of the PH domain of PLC-β1 with PtdIns(3)P
has been provided by direct lipid binding studies and by the observation that the
lysophosphatidic acid–induced membrane localization of a fusion construct con-
taining green fluorescent protein and the PH domain of PLC-β1 is prevented by
a PtdIns 3-kinase inhibitor (22). The amount of PtdIns(3)P is low in mammalian
cells and does not change markedly in response to receptor activation. It is there-
fore possible that PtdIns(3)P contributes to the membrane association of PLC-β1
only under specific circumstances. Nevertheless, treatment of cells with a PtdIns
3-kinase inhibitor results in a rapid reduction in the abundance of PtdIns(3)P, which
is indicative both of rapid turnover of this lipid and of a role for PtdIns 3-kinase in
its production. PtdIns 3-kinase isoforms containing a p110β or p110γ catalytic
subunit are activated by Gβγ (49). Given that Gβγ subunits also bind to the PH
domains of PLC-β isozymes, this interaction may contribute to the membrane
localization of these isozymes (see below).

PLC-β isozymes also might be targeted to the membrane environment through
interaction with adapter proteins known as Na+/K+ exchanger regulatory fac-
tors (NHERFs) (50). These proteins contain two PDZ domains, one of which
interacts with receptors such as theβ2-adrenergic receptor and purinergic P2Y1
receptor. Interaction with a PDZ domain is mediated through a COOH-terminal se-
quence, (Ser/Thr)-X-(Val/Leu)-COOH, of PDZ binding proteins. All four PLC-β

isozymes contain this PDZ binding motif. PLC-β3 binds specifically to NHERF2,
and expression of NHERF2 in cells of the COS line potentiated the activation of
PLC-β by carbachol (50).

Activation of PLC-β by Gβγ Subunits

With the exception of PLC-β4, PLC-β isozymes are also activated by Gβγ dimers
(39, 41, 51, 52) (Figure 3). The relative sensitivity of PLC-β isozymes to Gβγ
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subunits differs from that to Gqα subunits; PLC-β1 is the least sensitive to Gβγ

(39, 52). Direct binding measurements indicate that, although the Gβγ dimer in-
teracts with PLC-β1, -β2, and -β3, it exhibits a high affinity only for PLC-β2
(40). The activation of PLC-β2 by Gβγ in response to ligation of the luteiniz-
ing hormone receptor, V2 vasopressin receptor,β1- andβ2-adrenergic receptors,
m2 muscarinic acetylcholine receptor, and the receptors for the chemoattractants
interleukin-8, formyl-Met-Leu-Phe, and complement factor 5a has been demon-
strated in transfected COS cells (53). Some of these receptors also stimulate PLC-β

through Gqα subunits. Although the concentrations of Gβγ required for maximal
activation of PLC-β isoforms in vitro are much larger than the effective concen-
trations of Gqα subunits, the maximal extents of activation are similar. Thus, both
Gqα and Gβγ subunits likely contribute to activation of PLC-β in cells. It was
suggested that Gβγ is the predominant mediator of PLC-β activation and that the
role of Gqα subunits is to specify the receptors that couple to the enzyme (54).
However, a variety of physiological stimuli that activate PLC-β isozymes in nor-
mal platelets were not able to activate these isozymes in platelets derived fromαq
knockout mice;αq is the only member of the Gqα subfamily expressed in normal
platelets (55). Thus, Gαq appears essential for PLC-β activation and cannot be
replaced by Gβγ in this regard.

The region of PLC-β that interacts with Gqα subunits differs from that re-
sponsible for interaction with Gβγ . Thus, COOH-terminal truncation of PLC-β2
generated enzymes that were activated by Gβγ but not by Gαq (56). The PH
domain of PLC-β2 exhibits high affinity for Gβγ subunits bound to membranes
(23). A chimeric PLC-δ1 molecule in which the PH domain of this isozyme was
replaced with that of PLC-β2 was as sensitive to activation by Gβγ as was intact
PLC-β2, whereas native PLC-δ1 is not responsive to Gβγ subunits (24). Further-
more, Gβγ induced the membrane translocation of a fusion protein containing
green fluorescent protein and the PH domain of PLC-β1 by a mechanism that
also required the production of PtdIns(3)P (22), which suggests that Gβγ and
PtdIns(3)P bind to different regions of the PH domain. Gβγ subunits appear to
interact with more than one region of PLC-β, however, given that the site of inter-
action of PLC-β2 with Gβγ was also mapped to the sequence that spans residues
Glu574 and Lys583, located in the Y region (57). The region of Gβ subunits that
interacts with effector molecules such as PLC-β and adenylate cyclase overlaps
with that responsible for binding to Gα subunits, which explains why theβγ com-
plex is able to interact with Gα or with effectors but not with both simultaneously
(58). PLC-β2 actually contacts multiple sites within Gβ.

Mammalian cDNAs that encode 7 distinct Gβ subunits and 12 Gγ subunits
have been isolated. Although some of these subunits are expressed only in spe-
cific tissues and selectivity is apparent in the interaction of Gβ and Gγ subunits,
the formation of many different Gβγ dimers is possible. Among several such
combinations of Gβ and Gγ subunits tested, all exceptβ1γ 1 activated purified
PLC-β3 with similar potencies (59). In cells, however, not all available Gqα sub-
units and Gβγ combinations appear to function in activation of PLC. The results of
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experiments with antisense oligonucleotides directed to mRNAs encoding various
G protein subunits suggested that the m1 muscarinic acetylcholine receptor inter-
acts only with G protein complexes composed of the subunitsαq, α11, β1, β4, and
γ 4 in order to activate PLC in RBL-2H3 cells, despite the fact that the subunits
α14, β2, β3, γ 2, γ 3, γ 5, andγ 7 are also expressed in these cells (60).

The G proteinβ5 subunit differs from the otherβ subunits in that it shares only
53% amino acid sequence identity with these other highly conservedβ isoforms,
and in that when complexed with Gγ , it appears to interact selectively with Gαq-
coupled receptors as a result of its specific association with Gαq (61). Furthermore,
theβ5 subunit discriminates among PLC-β isozymes independently of Gαq. Thus,
when recombinant Gβ5γ and Gβ1γ dimers were tested for their ability to activate
PLC-β1, PLC-β2, and PLC-β3, Gβ1γ activated all three PLC-β isozymes whereas
Gβ5γ activated PLC-β1 and PLC-β2 but not PLC-β3 (62).

Deactivation of PLC-β Signaling

G protein–initiated signaling is turned off by hydrolysis of the GTP bound to the
Gα subunit, a reaction catalyzed by the intrinsic GTPase activity of theα subunit
itself, and the subsequent reassociation of the GDP-boundα subunit with theβγ

subunits. This deactivation process was studied in detail by reconstituting the m1
muscarinic acetylcholine receptor, G protein, and PLC-β1 in lipid vesicles (63).
The muscarinic agonist carbachol induced a 90-fold increase in PLC activity in
the presence of the Gqα subfamily (63). Although the intrinsic GTPase activity of
purified Gαq was low (∼0.8 min−1), the presence of PLC-β1 induced a>50-fold
increase in this activity; that is, PLC-β1 is a GTPase-activating protein (GAP) for
Gαq. In the reconstituted system, PLC-β1 also increased the rate of GTP hydrolysis
by Gαq by a factor of up to 60 in the presence of carbachol, which alone stimulated
GTPase activity by a factor of 6 to 10. More recent kinetic analysis suggests that
PLC-β acts directly on Gαq to stimulate hydrolysis of bound GTP, and that the other
components of the reconstituted system (the m1 muscarinic receptor, Gβγ , and
phospholipids) promote only GDP-GTP exchange during steady-state hydrolysis
(64). A fragment of the COOH-terminal region of PLC-β1 (residues 903–1042)
has also been shown to exhibit GAP activity (65). These results indicate that the
receptor and PLC-β1 coordinately regulate the amplitude of the PLC signal and
the rate of signal termination (Figure 3).

The GTPase activity of Gαq is also stimulated by a family of regulatory proteins
termed RGS (regulators of G protein signaling). Members of this protein family
were first identified genetically as negative regulators of G protein signaling in
lower eukaryotes, but more than 20 mammalian isoforms have been identified
to date (66). Biochemical evidence indicates that RGS proteins block G protein
function predominantly by acting as GAPs to limit the lifetime of the active, Gαq-
GTP complex, resulting in inhibition of PLC-β activity (67–69) (Figure 3). RGS
proteins exhibit GAP activity toward Gi and Gq classα subunits but not toward
Gsα or G12α subunits (67, 68), and the extent of the RGS protein effect depends on
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the interaction of these proteins with the receptor rather than on their interaction
with a specific Gα subunit (69).

PLC-β Signaling in the Nucleus

PLC signaling occurs not only at the plasma membrane but also in the nucleus
(70, 71). PLC-β1 is the major PLC isoform in the nucleus of various cells (72, 73),
and the COOH-terminal region of the protein is required for nuclear localization
(47). The amount of nuclear PLC-β1 protein, which appears to be activated in-
dependently of its counterpart at the plasma membrane by an unknown mecha-
nism, increases during cell growth and decreases during differentiation (74). The
changes in the abundance of nuclear PLC-β1 correlate with those in the amount
of PtdIns(4,5)P2 hydrolyzed in the nucleus (70). However, the roles of the DAG
and Ins(1,4,5)P3 so generated remain unclear. Translocation of protein kinase C
to the nucleus has been demonstrated coincident with the generation of DAG in
this organelle. Analysis of cells lacking PLC-β1 as a result of gene ablation re-
vealed that this isozyme is essential for the onset of DNA synthesis in response to
insulin-like growth factor I (74).

ACTIVATION OF PLC-γ ISOZYMES

Activation of PLC-γ by Receptor Protein Tyrosine Kinases

Polypeptide growth factors, such as platelet-derived growth factor (PDGF), epi-
dermal growth factor (EGF), fibroblast growth factor (FGF), nerve growth factor
(NGF), vascular endothelial growth factor, glial cell–derived growth factor, and
hepatocyte growth factor, induce PtdIns(4,5)P2 turnover by activating PLC-γ 1 in
a wide variety of cells (53). However, insulin and colony-stimulating factor-1,
whose receptors are structurally similar to those of PLC-activating growth factors,
generally do not activate PLC-γ 1 (75, 76).

The binding of a growth factor to its receptor results in dimerization of re-
ceptor subunits, stimulation of the intrinsic tyrosine kinase activity of the recep-
tor, and autophosphorylation of the receptor on specific tyrosine residues. These
phosphorylated residues initiate cellular signaling by acting as high-affinity bind-
ing sites for the SH2 domains of various effector proteins. The selectivity of the
receptor-effector interaction is determined not only by the residues surrounding
the phosphorylated tyrosine of the receptor but also by the structure of the SH2
domain of the effector. In the PDGF receptor (β chain), for example, eight auto-
phosphorylation sites have been identified that mediate the specific binding of
Src family tyrosine kinases (Tyr579 and Tyr581), growth factor receptor–bound
2 (Grb2) (Tyr716), the 85-kDa subunit of PtdIns 3-kinase (Tyr740 and Tyr751),
Ras GAP (Tyr771), SH2 domain–containing protein tyrosine phosphatase 2 (SH-
PTP2) (Tyr1009), and PLC-γ 1 (Tyr1021) (77). In addition, Tyr766 of the FGF
receptor and Tyr785 of the NGF receptor (Trk) specifically bind PLC-γ 1 (78, 79).



P1: FUM

April 16, 2001 12:54 Annual Reviews AR131-09

294 RHEE

However, in the case of the EGF receptor, which contains five autophosphorylation
sites located in the COOH-terminal region, such individual sites are not strictly re-
quired for the recognition of and association with different SH2 domain–containing
proteins. Thus, PLC-γ 1 is able to bind to any of these five phosphorylated tyrosine
residues (80, 81).

The individual roles of the two SH2 domains of PLC-γ 1 in interaction of the
enzyme with the PDGF receptor were investigated by functional inactivation of
each domain and expression of the mutant proteins in a PLC-γ 1-deficient fibroblast
cell line (82, 83). The mutant protein in which the COOH-terminal SH2 (C-SH2)
domain was disabled was bound to and phosphorylated by the PDGF receptor, and
it catalyzed the production of inositol phosphates to an extent only slightly less
than that observed with the wild-type enzyme. In contrast, the mutant in which
the NH2-terminal SH2 (N-SH2) domain was impaired did not bind to the PDGF
receptor and consequently was neither phosphorylated nor activated. These results
suggest that the N-SH2 domain, but not the C-SH2 domain, of PLC-γ 1 is required
for PDGF-induced enzyme activation.

Phosphorylation of PLC-γ 1 by PDGF, EGF, FGF, and NGF receptors occurs
at identical sites: tyrosine residues 771, 783, and 1254 (84). The role of tyrosine
phosphorylation of PLC-γ 1 was investigated by substituting phenylalanine for ty-
rosine at each of these three sites and expressing the mutant enzymes in cells of the
NIH 3T3 line (85). Replacement of Tyr783 with Phe prevented the activation of
PLC by PDGF; however, like the wild-type enzyme, the mutant PLC-γ 1 associated
with the PDGF receptor. Although mutation of specific autophosphorylation sites
of various receptors—including Tyr1021 in the PDGF receptor (β chain) (86),
Tyr766 in the FGF receptor (87), and Tyr785 in the NGF receptor (88) as well
as Tyr1169 in the vascular endothelial growth factor receptor (Flt) (89), Tyr1015
in the rat glial cell–derived growth factor receptor (Ret) (90), and Tyr1356 of the
hepatocyte growth factor receptor (Met) (91)—prevented receptor association with
PLC-γ 1 and growth factor–induced production of Ins(1,4,5)P3, the mutant recep-
tors still mediated growth factor–dependent tyrosine phosphorylation of PLC-γ 1.
Thus, the growth factor–induced activation of PLC-γ 1 requires not only PLC-γ 1
tyrosine phosphorylation but also the association of the enzyme with the growth
factor receptor. Such receptor association is likely required to target the tyrosine-
phosphorylated (activated) enzyme to the membrane environment, where its sub-
strate molecules reside.

PDGF-induced generation of PtdIns(3,4,5)P3 also appears to contribute to the
translocation of PLC-γ 1 to the plasma membrane, resulting in more efficient hy-
drolysis of PtdIns(4,5)P2 (92–94). Thus, prevention of PtdIns(3,4,5)P3 generation
in PDGF-stimulated NIH 3T3 cells by exposure to a specific inhibitor of PtdIns
3-kinase (wortmannin or LY294002) resulted in an∼40% decrease in both in-
tracellular generation of Ins(1,4,5)P3 and the release of intracellular Ca2+ (93).
Given that PtdIns(3,4,5)P3 binds to both the NH2-terminal PH domain (92) and
the C-SH2 domain of PLC-γ 1 (93, 94), both of these domains likely contribute to
the PtdIns(3,4,5)P3-dependent translocation of the enzyme to the membrane.
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A model depicting these various steps in the activation of PLC-γ by growth
factors is depicted in Figure 4. Growth factor stimulation thus triggers autophos-
phorylation of the receptor protein tyrosine kinase (PTK) on tyrosine residues,
which provides a docking site for the N-SH2 domain of PLC-γ 1 and thereby
allows the receptor PTK to catalyze the phosphorylation of the bound enzyme.
In addition, interaction with the receptor promotes the targeting of PLC-γ 1 to
its PtdIns(4,5)P2 substrate molecules in the membrane. Membrane association
is also facilitated by interaction of the PH and C-SH2 domains of PLC-γ 1 with
PtdIns(3,4,5)P3molecules in the membrane that are produced in response to growth
factor stimulation. Although Figure 4 shows phosphorylated PLC-γ located in the
vicinity of its substrate as a result of simultaneous association with the receptor
PTK and PtdIns(3,4,5)P3, it is also possible that the binding of the N-SH2 domain
to the receptor and that of the C-SH2 or PH domain to PtdIns(3,4,5)P3 constitute
distinct means of targeting PLC-γ 1 to the membrane. Little is known of the roles
of the EF-hand, SH3, and C2 domains in receptor-mediated activation of PLC-γ .
The SH3 domain of PLC-γ 1 has been shown to bind to and stimulate the guanine
nucleotide exchange activity of the protein SOS1 (95).

Autophosphorylation of growth factor receptors and subsequent tyrosine phos-
phorylation of substrate proteins, including PLC-γ 1, both require H2O2, whose
concentration increases transiently and which appears to function as an intracellu-
lar messenger in growth factor–stimulated cells (96). In addition to the activation
of a receptor PTK by the binding of a growth factor, concurrent inhibition of protein

Figure 4 Growth factor receptor–mediated activation of PLC-γ . (Left) Growth factor stimulation
triggers autophosphorylation of the receptor PTK on tyrosine residues, which then function as
docking sites for many SH2 domain–containing proteins, including PtdIns 3-kinase (PI3K) and
PLC-γ . The receptor PTK phosphorylates and activates PLC-γ and PtdIns 3-kinase, the latter
of which then catalyzes the conversion of PtdIns(4,5)P2 (PIP2) to PtdIns(3,4,5)P3 (PIP3). (Right)
Phosphorylated PLC-γ likely undergoes substantial conformational changes and is maintained
in proximity to the membrane through association both of its N-SH2 domain with the receptor
PTK and of its PH or C-SH2 domains with PtdIns(3,4,5)P3. PY and YP, phosphotyrosine. The
EF-hand, SH3, and C2 domains of PLC-γ are not shown.
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tyrosine phosphatases by H2O2 may be necessary to increase the steady-state level
of protein tyrosine phosphorylation (97).

Antigen Receptor–Induced Activation of PLC-γ
by Nonreceptor Protein Tyrosine Kinases

Hematopoietic cells express a variety of antigen and immunoglobulin (Ig) receptors
that are able to bind specifically to a wide spectrum of ligands. Such binding results
in a rapid activation of signaling events such as the tyrosine phosphorylation and
subsequent activation of PLC-γ 1 or PLC-γ 2. These receptors, which include the T
cell antigen receptor (TCR), the B cell antigen receptor (BCR), the high-affinity IgE
receptor (FcεRI), and the IgG receptors (Fcγ Rs), comprise multiple polypeptide
chains but do not possess intrinsic PTK activity; rather, they activate members of
distinct families of nonreceptor PTKs such as the Src, Syk, and Tec families. The
ligand-binding extracellular portion of these receptors consists of variable chains
that confer specificity, and these chains are noncovalently associated with invariant
subunits that serve to couple each receptor to intracellular signaling molecules such
as nonreceptor PTKs, Ras, and PtdIns 3-kinase. This coupling is mediated by the
presence in the invariant chains of the immune receptor tyrosine-based activation
motif (ITAM), with the consensus sequence Asp-X2-Tyr-X2-Leu-X7-Tyr-Asp-X-
Leu (where X is any amino acid). Phosphorylation of the two tyrosine residues
within this motif by members of the Src family of nonreceptor PTKs generates
docking sites for SH2 domain–containing molecules that propagate signals from
the activated receptors (98).

The extracellular domain of the TCR is formed byα andβ (or γ andδ) sub-
units, which contain the variable domains responsible for recognition of small
peptides bound to major histocompatibility complex class I or class II molecules.
The noncovalently associated invariant chains of the TCR include the CD3 com-
plex (CD3γ , CD3δ, and two copies of CD3ε) and theζ chain homo dimer. Each
of the CD3 subunits contains one copy of the ITAM sequence, whereas theζ

chain contains three copies of this motif (Figure 5). The binding of antigen by
the TCR triggers activation of Lck and Fyn, two members of the Src family of
PTKs, by an undefined mechanism. Either one or both of these enzymes phospho-
rylates the tyrosine residues located within the ITAM sequences of the CD3 and
ζ chains. These pairs of phosphorylated tyrosine residues serve as binding sites
for the tandem SH2 domains of ZAP-70, a member of the Syk family of PTKs.
Lck or Fyn then phosphorylates the bound ZAP-70, resulting in its activation.
Together with Lck and Fyn, activated ZAP-70 phosphorylates various downstream
substrates, including PLC-γ 1, LAT (linker for activation of T cells), and SLP-76
(SH2 domain–containing leukocyte protein of 76 kDa).

LAT is a palmitoylated, transmembrane domain–containing protein that is pre-
dominantly localized to membranes (99). In response to TCR stimulation, LAT
is phosphorylated on at least four tyrosine residues: Tyr132, Tyr171, Tyr191, and
Tyr226 (100). Phosphorylated LAT associates in vivo with PLC-γ 1, the adapter
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Figure 5 TCR-induced activation of PLC-γ 1. (Top) Ligation of the TCR triggers the
activation of Lck and Fyn by unknown mechanisms. Either or both of these Src family
PTKs then phosphorylates tyrosine residues within ITAM sequences located in TCRζ and
CD3 chains. Two phosphorylated tyrosine residues with this motif serve as binding sites
for the tandem SH2 domains of ZAP-70. Lck or Fyn then phosphorylates the bound ZAP-
70, resulting in its activation. (Bottom) Together with Lck and Fyn, activated ZAP-70
phosphorylates various downstream substrates, including membrane-bound LAT and SLP-
76. The interaction of the N-SH2 domain of PLC-γ 1 with a phosphorylated tyrosine residue
of LAT serves to position the unphosphorylated enzyme close to activated ZAP-70 and Lck
or Fyn, resulting in the phosphorylation and activation of PLC-γ 1 and in its localization in
the vicinity of its substrate. Phosphorylated LAT also associates with Gads, which might
in turn associate with Itk-bound SLP-76; the close proximity of Itk and PLC-γ 1 may
result in the phosphorylation by Itk of PLC-γ 1. Two LAT molecules are shown to avoid
overcrowding; this does not imply that PLC-γ 1 and Gads necessarily associate with separate
LAT molecules. The EF-hand, SH3, and C2 domains of PLC-γ 1 are not shown.
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protein Gads, and other proteins as a result of interaction of its phosphorylated
tyrosine residues with their SH2 domains. As in its interaction with the PDGF
receptor, only the N-SH2 domain of PLC-γ 1 is necessary for binding to phos-
phorylated LAT (101). The Tyr132 residue of LAT mediates binding of PLC-γ 1,
whereas Tyr171 and Tyr191 are responsible for binding Gads. Gads is abundant in
T cells and, through its COOH-terminal SH3 domain, associates with the adapter
protein SLP-76, thus linking SLP-76 to LAT (102). Studies with a LAT-deficient
Jurkat T cell line indicate that LAT is essential for signaling through PLC and Ras
(103). Engagement of the TCR on the mutant cells resulted in normal tyrosine
phosphorylation of theζ chain and ZAP-70; however, the extent of tyrosine phos-
phorylation of PLC-γ 1 was markedly reduced and PLC-γ -mediated PtdIns(4,5)P2
hydrolysis and mobilization of intracellular Ca2+ were not apparent. T cells also
express two members, Itk and Rlk, of the Tec family of nonreceptor PTKs, which
contain an NH2-terminal PH domain followed by SH3, SH2, and kinase domains.
T cells from mice lacking both Itk and Rlk also exhibit a reduced extent of PLC-γ 1
activation in response to TCR stimulation (104).

On the basis of these various observations, it has been proposed that activated
ZAP-70 phosphorylates LAT, and that phosphorylated LAT first recruits unphos-
phorylated PLC-γ 1 and positions it close to activated ZAP-70 and subsequently
localizes the phosphorylated PLC-γ 1 in proximity to its substrate (Figure 5). The
tyrosine phosphorylation of PLC-γ 1 may also be mediated to a certain extent
by Fyn or Lck or by ZAP-70 without the help of LAT. SLP-76 is also required
for TCR-induced phosphorylation of PLC-γ 1 and activation of the Ras signaling
pathway, but not for the tyrosine phosphorylation of most proteins in response to
TCR stimulation (105). Although the mechanism by which SLP-76 contributes to
PLC-γ 1 activation is not clear, the recruitment of Itk by phosphorylated SLP-76
might serve to position Itk in close proximity to LAT-associated PLC-γ 1 (106).

The BCR is composed of an IgM molecule (consisting of two heavy chains and
two light chains) noncovalently associated with two heterodimers of the invariant
Igα and Igβ subunits, each of which contains one copy of the ITAM sequence.
Engagement of the BCR results in the activation of Lyn, the most abundant Src
family PTK in B cells, by an unknown mechanism that involves autophosphoryla-
tion on Tyr416 (located within the catalytic domain of the human protein) (107).
Activated Lyn phosphorylates the pair of tyrosine residues in the ITAM sequences
of Igα and Igβ, which results in the recruitment of Syk through its tandem SH2
domains. The ITAM-bound Syk is then phosphorylated on Tyr519 (located in the
activation loop) by Lyn. This sequential activation of Lyn and Syk is similar to
that of Lck-Fyn and ZAP-70 in T cells. However, in Lyn-deficient B cells, Syk
is still partially activated and transmits signals to PLC-γ 2 (107), which suggests
that Syk activation, unlike that of ZAP-70, is not strictly dependent on members
of the Src family.

PLC-γ 1 is tyrosine phosphorylated after recruitment through its SH2 domains
to phosphorylated Syk when reconstituted in COS cells (108). However, PLC-γ 2,
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not PLC-γ 1, is expressed in B cells. Furthermore, PtdIns(3,4,5)P3 and Btk, a Tec
family PTK, have been implicated in BCR-induced PLC-γ signaling (109, 110).
BCR engagement activates PtdIns 3-kinase, resulting in the conversion to PtdIns
(3,4,5)P3 of a small fraction of presumably the same pool of PtdIns(4,5)P2 as
that targeted by PLC-γ 2. The resulting PtdIns(3,4,5)P3 interacts with the PH do-
main of Btk, thereby promoting its membrane targeting and activation either by
autophosphorylation or through its phosphorylation mediated by Lyn and Syk.
The importance of Btk PH domain function is evidenced by the fact that spon-
taneously arising mutations in the region of the Btk gene encoding this domain
cause X-linked agammaglobulinemia in humans and mice (111). Activated Btk
is thought to contribute to PLC-γ 2 activation, at least in part, by catalyzing its
tyrosine phosphorylation. Thus, treatment of B cells with wortmannin inhibits the
tyrosine phosphorylation of PLC-γ 2. PtdIns(3,4,5)P3 may also influence PLC-γ 2
activity directly through its interaction with the PH and SH2 domains of the en-
zyme, similar to its role in the PDGF-induced activation of PLC-γ 1 (Figure 4).
Consistent with this scenario, engagement of both the BCR and the IgG recep-
tor Fcγ IIb, the latter of which recruits the PtdIns(3,4,5)P3 phosphatase SHIP and
thereby prevents PtdIns(3,4,5)P3 accumulation, blocks the activation of PLC-γ 2
(110).

A protein known as B cell linker (BLNK) or SLP-65 is also an essential com-
ponent of the PLC-γ 2 activation pathway in B cells (112). Phosphorylation of
BLNK by Syk induces its translocation to the cell membrane. The phosphory-
lation of BLNK does not appear to require Btk, given that it occurs normally in
Btk-deficient cells. On the basis of these various observations, a model that inte-
grates the roles of PtdIns(3,4,5)P3, Btk, Syk, and BLNK in PLC-γ 2 activation has
been proposed (Figure 6). Phosphorylated, membrane-bound BLNK is thought
to recruit PLC-γ 2 to the membrane, where it is phosphorylated and activated by
membrane-associated Btk. Given that the SH2 domain of Btk, in addition to its PH
domain, is required for full activation of PLC-γ 2 in B cells, this domain likely plays
a role in the membrane localization of Btk by binding to tyrosine-phosphorylated
BLNK.

The products of PtdIns 3-kinase also contribute to PLC-γ activation in response
to ligation of Fc receptors, a family of receptors that bind to soluble Ig and immune
complexes via the Fc region of Ig. For example, PtdIns 3-kinase is required for the
translocation and tyrosine phosphorylation of PLC-γ 1 (but it has no effect on PLC-
γ 2 activation) in response to antigen stimulation of FcεRI in RBL2H3 mast cells
(113). In platelets, which express a single class of Fcγ R (Fcγ RIIA), inhibition
of PtdIns 3-kinase prevents PLC-γ 2 activation induced by cross-linking of this
receptor (114). Whereas inhibition of PtdIns 3-kinase does not affect tyrosine
phosphorylation of PLC-γ 2, it blocks the stable association of this isozyme with the
membrane-cytoskeleton interface that occurs at an early stage of platelet activation.
Both SLP-76 and BLNK may also play important roles in Fcγ R-mediated PLC-γ
activation (115).
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Figure 6 BCR-induced activation of PLC-γ 2. (Top) BCR engagement triggers the acti-
vation of Lyn by an unknown mechanism. Activated Lyn phosphorylates tyrosine residues
within ITAM sequences located in the Igα and Igβ chains. The two phosphorylated ty-
rosines within this motif serve as binding sites for the tandem SH2 domains of Syk, and the
ITAM-bound Syk is phosphorylated (activated) by Lyn. Activated Syk then phosphorylates
the cytosolic protein BLNK, thereby inducing its translocation to the cell membrane. BCR
engagement also induces activation of PtdIns 3-kinase, which catalyzes the conversion of
PtdIns(4,5)P2 to PtdIns(3,4,5)P3. (Bottom) PtdIns(3,4,5)P3 recruits Btk and PLC-γ 2 to the
membrane by binding to their PH domains. The membrane-bound, phosphorylated BLNK
also contributes to recruitment of Btk and PLC-γ 2 through the binding of its phosphorylated
tyrosine residues to the SH2 domains of these enzymes. The recruited Btk is phosphory-
lated (activated) by Syk, and activated Btk phosphorylates PLC-γ 2. Syk also might directly
phosphorylate PLC-γ 2. Two BLNK molecules are shown to avoid overcrowding; this does
not imply that Btk and PLC-γ 2 necessarily associate with separate BLNK molecules. The
EF-hand, SH3, and C2 domains of PLC-γ 2 are not shown. HC and LC, heavy and light
chains, respectively, of IgM.
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G Protein–Coupled Receptor Activation of PLC-γ
via Nonreceptor Protein Tyrosine Kinases

Although G protein–coupled receptors (GPCRs) lack intrinsic PTK activity, ty-
rosine phosphorylation of PLC-γ occurs in response to ligation of several such
receptors, including those for acetylcholine (muscarinic), angiotensin II, thrombin,
platelet-activating factor, and ATP (116–119). c-Src appears to be responsible for
the phosphorylation of PLC-γ 1 in vascular smooth muscle cells and platelets; the
introduction of antibodies to c-Src into these cells by electroporation inhibited the
tyrosine phosphorylation of PLC-γ 1 elicited by angiotensin II or platelet-activating
factor, respectively.

Activation of many GPCRs also induces tyrosine phosphorylation of receptor
PTKs such as those for PDGF, EGF, and insulin-like growth factor I (120). Gβγ

subunits have been implicated in the mechanism of GPCR-induced transactivation
of receptor PTKs. Overexpression of Gβγ subunits in COS cells was sufficient
to increase EGF receptor phosphorylation (120). In cultured cells from vascular
smooth muscle, angiotensin II induced association of c-Src with the EGF receptor
in the presence of EGF receptor kinase inhibitors, which suggests that activation
of c-Src precedes EGF receptor transactivation (121). The activatedα subunits of
Gi or Gs proteins were recently shown to bind directly to the catalytic domain of
c-Src and to increase its kinase activity, whereas neither theα subunits of Gq or
G12 nor Gβγ subunits exhibited this effect (122). Transactivation of a receptor
PTK results in the formation of a structural scaffold for the assembly of a signaling
complex (including PLC-γ ) that resembles that formed in response to interaction
of the receptor PTK with its ligand (Figure 7).

In some instances, the GPCR itself contributes to a signaling complex that
includes c-Src or Janus kinase (JAK). In HEK-293 and COS cells, the agonist-
occupiedβ2-adrenergic receptor forms a complex with activated c-Src in a manner
that is dependent on receptor desensitization (120). This indirect interaction is
mediated by the binding of c-Src to the receptor-bound adapter proteinβ-arrestin,
and it results in the targeting of both c-Src and the receptor to clathrin-coated
pits. Thus, the binding ofβ-arrestin toβ2-adrenergic receptors, which terminates
receptor coupling to G proteins, also initiates a second wave of signal transduction
in which the desensitized receptor functions as a structural component of a PTK
cascade. Whether a similar PTK cascade operates for other GPCRs that induce
PLC-γ activation remains unknown.

Stimulation of the angiotensin II receptor (AT1 receptor) in vascular smooth
muscle cells activates JAK2 by inducing its tyrosine phosphorylation and associ-
ation with the receptor. This association requires a Tyr-Ile-Pro-Pro (YIPP) motif
that is located in the intracellular COOH-terminal domain of the receptor and
which is identical to the binding site in the PDGF receptor for the SH2 domain
of PLC-γ 1 (117). JAK2 does not contain an SH2 domain; rather, its interaction
with the AT1 receptor appears to be mediated by the action of SH-PTP2 as a linker.
Stimulation of the AT1 receptor induces phosphorylation of the tyrosine residue in
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the YIPP motif, and the phosphorylated tyrosine residue serves as the binding site
for PLC-γ 1 (123). Both PLC-γ 1 and the SH-PTP2–JAK2 complex thus appear
to bind to the same site on the AT1 receptor.

Activation of PLC-γ by Other Lipid-Derived Messengers

Alternative mechanisms for the activation of PLC-γ that do not rely on tyrosine
phosphorylation appear to exist. Phosphatidic acid has been shown to activate
both tyrosine-phosphorylated and unphosphorylated forms of PLC-γ 1 to similar
extents by increasing their affinity for substrate vesicles (124, 125). Given that
phosphatidic acid is an immediate product of phosphatidylcholine hydrolysis by
phospholipase D (PLD), activation of PLD in cells may also result in activation of
PLC-γ (Figure 8).

Unsaturated fatty acids, such as arachidonic acid (AA), also stimulate PLC-γ

activity independently of tyrosine phosphorylation in the presence of various
splicing variants of the microtubule-associated protein tau (126). Although tau is
expressed exclusively in neurons, nonneuronal cells also contain a protein that,
together with AA, activates PLC-γ . This activating protein was recently identi-
fied as a 680-kDa molecule termed AHNAK (giant in Hebrew) (127). AHNAK

Figure 8 Receptor-mediated activation of PLC-γ by phosphatidic acid generated by PLD
(left) and by the concerted action of tau (or AHNAK) and AA generated by cytosolic
phospholipase A2. Although PLC-γ is not shown in close proximity to the membrane,
its activation by the products of lipid hydrolysis is achieved by increasing its affinity for
the membrane surface. cPLA2, cytosolic phospholipase A2; PA, phosphatidic acid; PC,
phosphatidylcholine.
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contains∼30 repeats of a motif of 128 amino acids. A glutathione S-transferase
fusion protein containing one of the repeated motifs activated PLC-γ 1 at nanomo-
lar concentrations in the presence of AA, which suggests that an intact AHNAK
molecule contains multiple sites capable of activating PLC-γ .

Activation of PLC-γ by AHNAK appears highly similar to that by tau, even
though the only similarity in the primary structures of these two proteins is a
high percentage of proline residues. These two activators competed with each
other in the activation of PLC-γ , further supporting the notion that they share a
common mechanism of activation. Tau interacts with all three of the activation
reaction components: PLC-γ , AA, and PtdIns(4,5)P2. Both tau and AHNAK
coimmunoprecipitate with PLC-γ , but not with PLC-β or PLC-γ isozymes.

Although the concentration of AA in resting cells is relatively low, large amounts
of this fatty acid are released from phosphatidylcholine by the action of cytosolic
PLA2 in response to cell stimulation. It is therefore likely that certain stimuli
that induce activation of cytosolic PLA2 may also indirectly trigger the activation
of PLC-γ in the presence of tau or AHNAK (Figure 8). Activation of cytosolic
PLA2 requires mobilization of intracellular Ca2+, and thus may occur secondarily
to PLC activation; the subsequent activation of PLC-γ by the AA produced as a
result of the action of cytosolic PLA2 may thus contribute to a positive feedback
loop in the hydrolysis of PtdIns(4,5)P2. On the other hand, PtdIns(4,5)P2 is a potent
activator of cPLA2 (3), so that hydrolysis of PtdIns(4,5)P2 by PLC attenuates the
activity of cytosolic PLA2, constituting a negative feedback loop in terms of AA
generation.

ACTIVATION OF PLC-δ ISOZYMES

Although four distinct PLC-δ isoforms have been identified, the mechanisms by
which these enzymes are coupled to membrane receptors remain unclear. The
sensitivity of PLC-δ isozymes to Ca2+ is greater than that of the other isozymes.
Calcium promotes both the association of the PH domain with PtdIns(4,5)P2 as the
result of its binding to the EF-hand domain (35) as well as the formation of a C2
domain–phosphatidylserine-Ca2+ ternary complex as the result of its binding to
the C2 domain (33). An increase in the intracellular concentration of Ca2+ might
therefore be sufficient to trigger activation of PLC-δ. This hypothesis is supported
by observations with permeabilized (128) and intact (129) PC12 cells; in the latter
experiments, PLC-δ1 overexpressed in PC12 cells was activated by capacitative
Ca2+ entry in response to the activation of PLC-β by bradykinin.

Another potential regulator of PLC-δ isozymes is a recently discovered type of
GTP-binding protein, termed high-molecular-weight G protein or Gh (75–80 kDa)
(130). This protein, which also possesses tissue transglutaminase activity, forms a
complex with PLC-δ1 in cells stimulated throughα1-adrenergic or oxytocin recep-
tors, and it increases the activity of purified PLC-δ1 in the presence of GTP-γ -S
(130, 131). Furthermore, Gh coimmunoprecipitates with theα, but not with theβ,
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subtype of thromboxane A2 receptor and enhances thromboxane-dependent PLC
activity when transiently expressed in cells (132). By analogy with heterotrimeric
G proteins, the GTP-bound form of Gh was initially proposed to function as an
activator of PLC-δ1 (130). However, free or GDP-bound Gh, but not GTP-bound
Gh, was recently shown to be associated with PLC-δ1 (133), which suggests that
the activity of PLC-δ1 might be inhibited by Gh in unstimulated cells and that such
inhibition might be attenuated by the binding of Gh to GTP in response to receptor
occupancy.

The Gh-interacting (α1-adrenergic, oxytocin, thromboxane) receptors are also
coupled to Gq proteins and activate PLC-β isozymes. A model for receptor-
induced activation of PLC-δ that incorporates these various observations is shown
in Figure 9. Ligation of the GPCR thus induces the dissociation of PLC-δ from
Gh by stimulating GDP-GTP exchange. Concurrently, the agonist-bound receptor
activates PLC-β through Gq and thereby induces the mobilization of intracellular
Ca2+. The increase in the cytosolic Ca2+ concentration then induces the translo-
cation of free PLC-δ to the membrane, where it exerts its catalytic action.

ACTIVATION OF PLC-ε

The recently identified human PLC-ε has been detected in two alternatively spliced
forms with molecular sizes of 260 kDa (2303 residues) and 230 kDa (1998 residues)
(9, 10). The mRNAs encoding these enzymes are present in a wide variety of
human tissues, most abundantly in the heart. Both the 260- and 230-kDa forms
of PLC-ε contain not only the conserved catalytic (X and Y) and regulatory (C2)
domains common to other PLC isozymes, but also RasGEF and RA domains (one
RA domain for the 260-kDa form and two such domains for the 230-kDa form)
that are specific to this type of PLC. PLC-ε enzymes appear not to contain PH and
EF-hand domains.

The presence of RasGEF and RA domains suggests that PLC-ε might be a
GDP-GTP exchange factor for, as well as an effector of, Ras. Indeed, expression
of wild-type PLC-ε promotes generation of the GTP-bound form of Ras in cultured
cells (9, 10). This exchange activity was shown to be attributable to the RasGEF
domain of PLC-ε rather than to indirect effects of second messengers produced
by this enzyme, given that expression of a PLC-inactive mutant also increased the
amount of GTP-Ras. Furthermore, Ras is an activator of PLC-ε, as revealed by the
observations that the RA domain of PLC-ε binds GTP-Ras with high affinity (Kd,
40 nM), but it does not bind GDP-Ras; the presence of prenylated Ras in substrate
vesicles increases the activity of PLC-ε; and coexpression of activated Ras with
PLC-ε (260-kDa form) induces translocation of the latter from the cytosol to the
membrane (10). Stimulation of cells with EGF, which increases the abundance of
GTP-Ras, also induces the membrane translocation of PLC-ε (10). Therefore, the
notion that the increase in PLC activity in growth factor–stimulated cells is solely
attributable to the activation of PLC-γ might need to be amended to incorporate
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a contribution of PLC-ε. The fact that both activator and effector domains of
Ras exist in the same molecule of PLC-ε suggests a possible mechanism for the
concerted action of these domains (Figure 10). Thus, whereas the growth factor–
induced activation of PLC-ε might be terminated by the hydrolysis of Ras-bound
GTP to GDP, the GDP-Ras might be immediately converted to GTP-Ras by the
action of the RasGEF domain of PLC-ε, thereby prolonging the receptor-mediated
activation of PLC-ε.

PLC-ε also appears to be activated by Gα12 (Figure 10). Coexpression of con-
stitutively active (GTPase-defective) mutants of Gα12with PLC-ε (230-kDa form)
specifically increased PLC activity, whereas none of the other Gα subunits tested

Figure 10 Receptor-mediated activation of PLC-ε. (Top) Ras-GTP, produced in response
to receptor occupancy with ligand, promotes the translocation (activation) of PLC-ε to the
membrane by binding to its RA domain. The activation signal is turned off by the hydrolysis
of Ras-bound GTP catalyzed by the intrinsic GTPase activity of Ras. The resulting GDP-
Ras might then be converted to GTP-Ras by the action of the RasGEF domain of PLC-ε.
(Bottom) An agonist-occupied GPCR induces the exchange of GDP for GTP on anα subunit
of the G12 subfamily of G proteins. The GTP-boundα subunit then positions PLC-ε closer
to the membrane and activates it by interacting with an unidentified region of the enzyme.
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had any such effect (9). Thus, the receptors for thrombin and lysophosphatidic
acid, which are coupled to the G12 subfamily of G proteins, might be expected to
activate PLC-ε.

CONCLUDING REMARKS

Substantial progress has been achieved over the last several years with regard to
our knowledge of the mechanisms by which signals are conveyed from receptors
at the plasma membrane to the various PLC isozymes. This progress is largely
attributable to our understanding of the modular function of regulatory domains
that recognize either membrane-associated proteins or lipid molecules. One over-
riding principle that has emerged is that receptor-induced recruitment of PLC
enzymes to the vicinity of the cell membrane achieved through such regulatory
domains appears key for regulation of PLC. Allosteric mechanisms also appear
to contribute to receptor-mediated PLC activation, but these are less well under-
stood. The mechanisms depicted in Figure 3 and Figures 4 to 7 for the activation
of PLC-β by heterotrimeric G proteins and that of PLC-γ by PTKs, respectively,
appear well founded, although additional factors that play minor roles might be
uncovered in the future. In contrast, the mechanisms shown in Figures 8 and 9 for
the activation of PLC-γ by lipid messengers and that of PLC-δ by Ca2+ and Gh,
respectively, require further confirmation. Given that PLC-ε was identified only
recently, its activation by Gα12or Ras (Figure 10) or by other mechanisms requires
substantial further study.

ACKNOWLEDGMENT

I thank Yeun Ju Kim for preparing figures.

Visit the Annual Reviews home page at www.AnnualReviews.org

LITERATURE CITED

1. Rameh LE, Cantley LC. 1999.J. Biol. Chem.
274:8347–50

2. Brown HA, Gutowski S, Moomaw CR,
Slaughter C, Sternweis PC. 1993.Cell
75:1137–44

3. Mosior M, Six DA, Dennis EA. 1998.J. Biol.
Chem.273:2184–91

4. Janmey PA. 1994.Annu. Rev. Physiol.
56:169–91

5. Harlan JE, Hajduk PJ, Yoon HS, Fesik SW.
1994.Nature371:168–70

6. Anderson RA, Boronenkov IV, Doughman

SD, Kunz J, Loijens JC. 1999.J. Biol.
Chem.274:9907–10

7. Rhee SG, Suh PG, Ryu SH, Lee SY. 1989.
Science244:546–50

8. Rhee SG, Bae YS. 1997.J. Biol. Chem.
272:15045–48

9. Lopez I, Mak E, Ding J, Hamm H, Lomas-
ney JW. 2001.J. Biol. Chem.In press

10. Song C, Hu CD, Masago M, Kariya KI,
Yamawaki-Kataoka Y, et al. 2001.J. Biol.
Chem.In press

11. Shibatohge M, Kariya K, Liao Y, Hu



P1: FUM

April 16, 2001 12:54 Annual Reviews AR131-09

PHOSPHOLIPASE C ISOZYMES 309

CD, Watari Y, et al. 1998.J. Biol. Chem.
273:6218–22

12. Essen LO, Perisic O, Cheung R, Katan M,
Williams RL. 1996.Nature380:595–602

13. Bahk YY, Lee YH, Lee TG, Seo J, Ryu SH,
Suh PG. 1994.J. Biol. Chem.269:8240–45

14. Kim MJ, Min DS, Ryu SH, Suh PG. 1998.
J. Biol. Chem.273:3618–24

15. Lee SB, Rhee SG. 1996.J. Biol. Chem.
271:25–31

16. Nagano K, Fukami K, Minagawa T, Watan-
abe Y, Ozaki C, Takenawa T. 1999.J. Biol.
Chem.274:2872–79

17. Takeuchi H, Oike M, Paterson HF, Allen
V, Kanematsu T, et al. 2000.Biochem. J.
349:357–68

18. Ferguson KM, Lemmon MA, Schlessinger
J, Sigler PB. 1995.Cell 83:1037–46

19. Katan M. 1998.Biochim. Biophys. Acta
1436:5–17

20. Yagisawa H, Sakuma K, Paterson HF, Che-
ung R, Allen V, et al. 1998.J. Biol. Chem.
273:417–24

21. Cifuentes ME, Honkanen L, Rebecchi MJ.
1993.J. Biol. Chem.268:11586–93

22. Razzini G, Brancaccio A, Lemmon MA,
Guarnieri S, Falasca M. 2000.J. Biol.
Chem.275:14873–81

23. Wang T, Pentyala S, Rebecchi MJ, Scarlata
S. 1999.Biochemistry38:1517–24

24. Wang T, Dowal L, El-Maghrabi MR, Re-
becchi M, Scarlata S. 2000.J. Biol. Chem.
275:7466–69

25. Ellis MV, James SR, Perisic O, Downes
CP, Williams RL, Katan M. 1998.J. Biol.
Chem.73:11650–59

26. Essen LO, Perisic O, Lynch DE, Katan
M, Williams RL. 1997. Biochemistry
36:2753–62

27. Bruzik KS, Morocho AM, Jhon DY,
Rhee SG, Tsai MD. 1992.Biochemistry
31:5183–93

28. Hondal RJ, Zhao Z, Kravchuk AV, Liao
H, Riddle SR, et al. 1998.Biochemistry
37:4568–80

29. Ellis MV, U S, Katan M. 1995.Biochem. J.
307:69–75

30. Cheng HF, Jiang MJ, Chen CL, Liu SM,
Wong LP, et al. 1995.J. Biol. Chem.
270:5495–505

31. Grobler JA, Hurley JH. 1998.Biochemistry
37:5020–28

32. Deleted in proof
33. Lomasney JW, Cheng HF, Roffler SR, King

K. 1999.J. Biol. Chem.274:21995–2001
34. Wang T, Pentyala S, Elliott JT, Dowal L,

Gupta E, et al. 1999.Proc. Natl. Acad. Sci.
USA96:7843–46

35. Yamamoto T, Takeuchi H, Kanematsu T,
Allen V, Yagisawa H, et al. 1999.Eur. J.
Biochem.265:481–90

36. Taylor SJ, Chae HZ, Rhee SG, Exton JH.
1991.Nature350:516–18

37. Smrcka AV, Hepler JR, Brown KO, Stern-
weis PC. 1991.Science251:804–7

38. Jhon DY, Lee HH, Park D, Lee CW, Lee
KH, et al. 1993.J. Biol. Chem.268:6654–
61

39. Smrcka AV, Sternweis PC. 1993.J. Biol.
Chem.268:9667–74

40. Runnels LW, Scarlata SF. 1999.Biochem-
istry 38:1488–96

41. Lee CW, Lee KH, Lee SB, Park D, Rhee
SG. 1994.J. Biol. Chem.269:25335–38

42. Lee CH, Park DQ, Wu DQ, Rhee SG, Si-
mon MI. 1992.J. Biol. Chem.267:16044–
47

43. Kozasa T, Hepler JR, Smrcka AV, Simon
MI, Rhee SG, et al. 1993.Proc. Natl. Acad.
Sci. USA90:9176–80

44. Kuang YN, Wu YP, Jiang HP, Wu DQ.
1996.J. Biol. Chem.271:3975–78

45. Park D, Jhon DY, Lee CW, Ryu SH, Rhee
SG. 1993.J. Biol. Chem.268:3710–14

46. Wu DQ, Jiang HP, Katz A, Simon MI.
1993.J. Biol. Chem.268:3704–9

47. Kim CG, Park D, Rhee SG. 1996.J. Biol.
Chem.271:21187–92

48. Hepler JR, Biddlecome GH, Kleuss C,
Camp LA, Hofmann SL, et al. 1996.J. Biol.
Chem.271:496–504

49. Stephens LR, Eguinoa A, Erdjument-
Bromage H, Lui M, Cooke F, et al. 1997.
Cell 89:105–14



P1: FUM

April 16, 2001 12:54 Annual Reviews AR131-09

310 RHEE

50. Hwang JI, Heo K, Shin KJ, Kim E, Yun C,
et al. 2000.J. Biol. Chem.275:16632–37

51. Camps M, Carozzi A, Schnabel P, Scheer
A, Parker PJ, Gierschik P. 1992.Nature
360:684–86

52. Park D, Jhon DY, Lee CW, Lee KH, Rhee
SG. 1993.J. Biol. Chem.268:4573–76

53. Noh DY, Shin SH, Rhee SG. 1995.
Biochim. Biophys. Acta1242:99–113

54. Stehno-Bittel L, Krapivinsky G, Krapivin-
sky L, Perez-Terzic C, Clapham DE. 1995.
J. Biol. Chem.270:30068–74

55. Offermanns S, Toombs CF, Hu YH, Simon
MI. 1997.Nature389:183–86

56. Lee SB, Shin SH, Hepler JR, Gilman AG,
Rhee SG. 1993.J. Biol. Chem.268:25952–
57

57. Sankaran B, Osterhout J, Wu DQ, Smrcka
AV. 1998.J. Biol. Chem.273:7148–54

58. Panchenko MP, Saxena K, Li Y, Charnecki
S, Sternweis PM, et al. 1998.J. Biol. Chem.
273:28298–304

59. Boyer JL, Graber SG, Waldo GL, Harden
TK, Garrison JC. 1994.J. Biol. Chem.
269:2814–19

60. Dippel E, Kalkbrenner F, Wittig B, Schultz
G. 1996. Proc. Natl. Acad. Sci. USA
93:1391–96

61. Lindorfer MA, Myung CS, Savino Y, Ya-
suda H, Khazan R, Garrison JC. 1998.J.
Biol. Chem.273:34429–36

62. Maier U, Babich A, Macrez N, Leopoldt
D, Gierschik P, et al. 2000.J. Biol. Chem.
275:13746–54

63. Biddlecome GH, Berstein G, Ross EM.
1996.J. Biol. Chem.271:7999–8007

64. Chidiac P, Ross EM. 1999.J. Biol. Chem.
274:19639–43

65. Paulssen RH, Woodson J, Liu Z, Ross EM.
1996.J. Biol. Chem.271:26622–29

66. Koelle MR, Horvitz HR. 1996.Cell
84:115–25

67. Berman DM, Wilkie TM, Gilman AG.
1996.Cell 86:445–52

68. Heximer SP, Watson N, Linder ME,
Blumer KJ, Hepler JR. 1997.Proc. Natl.
Acad. Sci. USA94:14389–93

69. Xu X, Zeng WH, Popov S, Berman DM,
Davignon I, et al. 1999.J. Biol. Chem.
274:3549–56

70. Divecha N, Irvine RF. 1995.Cell 80:269–
78

71. Cocco L, Capitani S, Maraldi NM, Maz-
zotti G, Barnabei O, et al. 1998.Adv. En-
zyme Regul.38:351–63

72. Martelli AM, Gilmour RS, Bertagnolo V,
Neri LM, Manzoli L, Cocco L. 1992.Na-
ture358:242–45

73. Divecha N, Letcher AJ, Banfic HH, Rhee
SG, Irvine RF. 1995.Biochem. J.312:63–
67

74. Manzoli L, Billi AM, Rubbini S, Bavel-
loni A, Faenza I, et al. 1997.Cancer Res.
57:2137–39

75. Downing JR, Margolis BL, Zilberstein A,
Ashmun RA, Ullrich A, et al. 1989.EMBO
J. 8:3345–50

76. Nishibe S, Wahl MI, Wedegaertner PB,
Kim JW, Rhee SG, et al. 1990.Proc. Natl.
Acad. Sci. USA87:424–28

77. Claesson-Welsh L. 1994.J. Biol. Chem.
269:32023–26

78. Mohammadi M, Honegger AM, Rotin D,
Fischer R, Bellot F, et al. 1991.Mol. Cell.
Biol. 11:5068–78

79. Obermeier A, Halfter H, Wiesmuller KH,
Jung G, Schlessinger J, Ullrich A. 1993.
EMBO J.12:933–41

80. Vega QC, Cochet C, Filhol O, Chang CP,
Rhee SG, Gill GN. 1992.Mol. Cell. Biol.
12:128–35

81. Soler C, Beguinot L, Carpenter G. 1994.J.
Biol. Chem.269:12320–24

82. Ji QS, Chattopadhyay A, Vecchi M, Car-
penter G. 1999.Mol. Cell. Biol. 19:4961–
70

83. Poulin B, Sekiya F, Rhee SG. 2000.J. Biol.
Chem.275:6411–16

84. Kim JW, Sim SS, Kim UH, Nishibe S, Wahl
MI, et al. 1990.J. Biol. Chem.265:3940–
43

85. Kim HK, Kim JW, Zilberstein A, Margo-
lis B, Kim JG, et al. 1991.Cell 65:435–
41



P1: FUM

April 16, 2001 12:54 Annual Reviews AR131-09

PHOSPHOLIPASE C ISOZYMES 311

86. Valius M, Bazenet C, Kazlauskas A.
1993.Mol. Cell. Biol.13:133–43

87. Mohammadi M, Dionne CA, Li W, Li N,
Spivak T, et al. 1992.Nature358:681–84

88. Middlemas DS, Meisenhelder J, Hunter
T. 1994.J. Biol. Chem.269:5458–66

89. Sawano A, Takahashi T, Yamaguchi S,
Shibuya M. 1997.Biochem. Biophys. Res.
Commun.238:487–91

90. Durick K, Wu RY, Gill GN, Taylor SS.
1996.J. Biol. Chem.271:12691–94

91. Ponzetto C, Bardelli A, Zhen Z, Maina F,
Dalla Zonca P, et al. 1994.Cell77:261–71

92. Falasca M, Logan SK, Lehto VP, Bac-
cante G, Lemmon MA, Schlessinger J.
1998.EMBO J.17:414–22

93. Bae YS, Cantley LG, Chen CS, Kim SR,
Kwon KS, Rhee SG. 1998.J. Biol. Chem.
273:4465–69

94. Rameh LE, Rhee SG, Spokes K, Ka-
zlauskas A, Cantley LC, Cantley LG.
1998.J. Biol. Chem.273:23750–57

95. Kim MJ, Chang JS, Park SK, Hwang
JI, Ryu SH, Suh PG. 2000.Biochemistry
39:8674–82

96. Bae YS, Kang SW, Seo MS, Baines
IC, Tekle E, et al. 1997.J. Biol. Chem.
272:217–21

97. Lee SR, Kwon KS, Kim SR, Rhee SG.
1998.J. Biol. Chem.273:15366–72

98. Weiss A. 1993.Cell 73:209–12
99. Zhang W, Trible RP, Samelson LE. 1998.

Immunity9:239–46
100. Zhang W, Trible RP, Zhu M, Liu SK,

McGlade CJ, Samelson LE. 2000.J. Biol.
Chem.275:23355–61

101. Stoica B, DeBell KE, Graham L, Rellahan
BL, Alava MA, et al. 1998.J. Immunol.
160:1059–66

102. Liu SK, Fang N, Koretzky GA, McGlade
CJ. 1999.Curr. Biol. 9:67–75

103. Finco TS, Kadlecek T, Zhang W, Samel-
son LE, Weiss A. 1998.Immunity9:617–
26

104. Schaeffer EM, Debnath J, Yap G,
McVicar D, Liao XC, et al. 1999.Science
284:638–41

105. Yablonski D, Kuhne MR, Kadlecek T,
Weiss A. 1998.Science281:413–16

106. Su YW, Zhang Y, Schweikert J, Koretzky
GA, Reth M, Wiens J. 1999.Eur. J. Im-
munol.29:3702–11

107. Kurosaki T. 1997.Curr. Opin. Immunol.
9:309–18

108. Law CL, Chran KA, Sidorenko SP, Clark
EA. 1996.Mol. Cell. Biol.16:1305–15

109. Scharenberg AM, El-Hillal O, Fruman
DA, Beitz LO, Li Z, et al. 1998.EMBO J.
17:1961–72

110. Scharenberg AM, Kinet JP. 1998.Cell
94:5–8

111. Rawlings DJ, Witte ON. 1994.Immunol.
Rev.138:105–19

112. Ishiai M, Kurosaki M, Pappu R, Okawa
K, Ronko I, et al. 1999.Immunity10:117–
25

113. Barker SA, Caldwell KK, Pfeiffer JR,
Wilson BS. 1998.Mol. Biol. Cell 9:483–
96

114. Gratacap MP, Payrastre B, Viala C,
Mauco G, Plantavid M, Chap H. 1998.
J. Biol. Chem.273:24314–21

115. Bonilla FA, Fujita RM, Pivniouk VI, Chan
AC, Geha RS. 2000.Proc. Natl. Acad. Sci.
USA97:1725–30

116. Gusovsky F, Lueders JE, Kohn EC, Felder
CC. 1993. J. Biol. Chem. 268:7768–
72

117. Marrero MB, Paxton WG, Duff JL, Berk
BC, Bernstein KE. 1994.J. Biol. Chem.
269:10935–39

118. Dhar A, Shukla SD. 1994.J. Biol. Chem.
269:9123–27

119. Rao GN, Delafontaine P, Runge MS.
1995.J. Biol. Chem.270:27871–75

120. Luttrell LM, Daaka Y, Lefkowitz RJ.
1999. Curr. Opin. Cell Biol. 11:177–
83

121. Eguchi S, Numaguchi K, Iwasaki H, Mat-
sumoto T, Yamakawa T, et al. 1998.J.
Biol. Chem.273:8890–96

122. Ma Y-C, Huang J, Ali S, Lowry W, Huang
X-Y. 2000.Cell 102:635–46

123. Venema RC, Ju H, Venema VJ, Schieffer



P1: FUM

April 16, 2001 12:54 Annual Reviews AR131-09

312 RHEE

B, Harp JB, et al. 1998.J. Biol. Chem.
273:7703–8

124. Jones GA, Carpenter G. 1993.J. Biol.
Chem.268:20845–50

125. Zhou C, Horstman D, Carpenter G,
Roberts MF. 1999.J. Biol. Chem.274:
2786–93

126. Hwang SC, Jhon DY, Bae YS, Kim JH,
Rhee SG. 1996.J. Biol. Chem.271:
18342–49

127. Sekiya F, Bae YS, Jhon DY, Hwang
SC, Rhee SG. 1999.J. Biol. Chem.
274:13900–7

128. Allen V, Swigart P, Cheung R, Cockcroft

S, Katan M. 1997.Biochem. J.327:545–
52

129. Kim YH, Park TJ, Lee YH, Baek KJ,
Suh PG, et al. 1999.J. Biol. Chem.
274:26127–34

130. Feng JF, Rhee SG, Im MJ. 1996.J. Biol.
Chem.271:16451–54

131. Park ES, Won JH, Han KJ, Suh PG, Ryu
SH, et al. 1998.Biochem. J.331:283–89

132. Vezza R, Habib A, FitzGerald GA. 1999.
J. Biol. Chem.274:12774–79

133. Murthy SN, Lomasney JW, Mak EC,
Lor L. 1999.Proc. Natl. Acad. Sci. USA
96:11815–19


